Abstract The enzymes catalyzing the first two reactions in the sulfate activation pathway, ATP-sulfurylase (S) and APS-kinase (K), are fused as 'KS' in animals but are fused as 'SK' in select bacteria and fungi. We have discovered a novel triple fusion protein of K, S, and pyrophosphatase (P) in several protozoan genomes within the Stramenopile lineage. These triple domain fusion proteins led us to hypothesize that pyrophosphatase enzymes and sulfate activation enzymes physically interact to impact the thermodynamics of the sulfate activation pathway. In support of this hypothesis, we demonstrate through biochemical assays that separately encoded KS and P proteins physically interact and that KS/P complexes activate more sulfate than KS alone. We also conclude on the basis of phylogenetic analyses that all known KS fusions originate from a single fusion event early in the eukaryotic lineage. Strikingly, our analyses support the same conclusion for all known SK fusions. These observations indicate that the patchwork of fused and nonfused S and K genes observed in modern-day eukaryotes and prokaryotes are the result of the two ancestral fusion genes evolving by an assortment of gene fissions, duplications, deletions, and horizontal transfers in different lineages. Our integrative use of genomics, phylogenetics, and biochemistry to characterize pyrophosphatase as a new member of the sulfate activation pathway should be effective at identifying new protein members and connections in other molecular pathways.
Introduction
Sulfur is an essential element for all life forms and is mostly available as the fully oxidized sulfate ion. Sulfate ions, however, are biologically inert and organisms expend tremendous energy 'activating' sulfate for two main purposes. Activated sulfate is reduced and incorporated into molecules such as cysteine, methionine, and glutathione (Leustek et al. 2000; Marzluf 1997 ; Thomas and Surdin-Kerjan 1997) . Activated sulfate is also the donor molecule used by all sulfotransferase enzymes to attach sulfate to free hydroxyl groups on pre-existing carbohydrate, lipid and small organic molecules through a condensation reaction known as sulfation (Klaassen and Boles 1997) .
Sulfate activation proceeds by synthesis of adenosine 5 0 -phosphosulfate (APS), which then enters either a reductive or an activation pathway (Fig. 1) . In the initial step, ATP-sulfurylase (referred to here after as 'S') transfers AMP from ATP to sulfate, producing APS and inorganic pyrophosphate (Schwartz 2005; Schwartz et al. 1998) . The phosphoric-sulfuric acid anhydride bond of APS has a free energy of hydrolysis that is approximately twice that of the replaced pyrophosphate bond of ATP (Leyh 1993; Robbins and Lipmann 1958) , making the synthesis of APS and the inorganic pyrophosphate a highly unfavorable reaction. The resulting inorganic pyrophosphate is hydrolyzed by pyrophosphatase (P) into two orthophosphates in an energetically favorable reaction.
One strategy to overcome this thermodynamic barrier would be to remove the S-catalyzed reaction products in a subsequent step of the pathway, thereby limiting the reverse reaction and shifting the equilibrium toward APS synthesis. Alternatively, APS synthesis could be coupled to a highly exergonic reaction. Some bacteria employ the latter strategy by coupling APS synthesis to GTP hydrolysis (Leyh and Suo 1992; Liu et al. 1994) . However, the APS-synthesizing enzyme in these bacteria (known as CysD) is unrelated to the APS-synthesizing enzyme found in most other organisms (Savage et al. 1997) . The GTP-hydrolyzing enzyme (known as CysN) is also specific to these bacteria (Inagaki et al. 2002) .
In the reductive branch of the pathway, APS-reductase (R) reduces APS to sulfite, with thioredoxin (TRX), providing the reducing potential. Additional enzymatic steps subsequently reduce sulfite to sulfide and incorporate the latter into thiol-and sulfur-containing molecules as previously mentioned. Alternatively, APS may undergo further activation into PAPS (3 0 -phosphoadenosine 5 0 -phosphosulfate), the activated sulfate donor needed for sulfation. APS is activated into PAPS by the phosphorylation activity of APS-kinase (referred to here as 'K'). PAPS is used by all sulfotransferase enzymes (T) to covalently attach sulfate to carbohydrates, proteins, and small organic molecules (Bradley and Benner 2005; Strott 2002) . PAPS can also be reduced to sulfite via a PAPS-reductase (Tsang and Schiff 1978) .
In metazoans, a fused, sequentially acting bifunctional enzyme commonly known as PAPS synthetase has both K and S activities (Geller et al. 1987 ). This fusion protein has the K domain at the amino-terminal end of the protein, followed by the S domain (Lyle et al. 1994c; Rosenthal and Leustek 1995) ; here we refer to this particular fusion gene/ protein structure as 'KS.' The exclusive function of the KS fusion in metazoans is thought to be PAPS synthesis for use by sulfotransferase enzymes. It has been argued that the KS fusion protein enables the labile APS intermediate to be rapidly 'channeled' from the S active site into the neighboring K active site (Fuda et al. 2002; Lyle et al. 1994b Lyle et al. , 1995 but see Harjes et al. 2005; Lansdon et al. 2004; Sun and Leyh 2006) .
In some fungal and bacterial species, a fusion of the S and K domains is found with a reversed domain order relative to the metazoan KS gene. These fusions, which we refer to as 'SK,' have been described from the filamentous fungi Penicillium chrysogenum (Foster et al. 1994) , the chemolithotrophic bacterium Aquifex aeolicus (Hanna Fig. 1 Sulfate utilization pathways. ATP-sulfurylase (S) generates APS and pyrophosphate from ATP and sulfate. Pyrophosphatase (P) produces two orthophosphates from the hydrolysis of pyrophosphate. Along the activation pathway, APS-kinase (K) phosphorylates APS and produces PAPS, which is the universal sulfate donor compound for all sulfotransferase enzymes (T). In the reductive branch of the pathway, APS-reductase (R) generates sulfite, which is eventually reduced to sulfide and incorporated into sulfur containing molecules MacRae et al. 1998) , the budding yeast Saccharomyces cerevisiae (Ullrich et al. 2001) , and the aproteobacterium Rhodobacter sphaeroides (Sun and Leyh 2006) . The K domain of the SK fusion is not well conserved, and a range of functions has been attributed to the K domain in different organisms. In S. cerevisiae the K domain of SK is important for the quaternary structure of the enzyme but is highly degenerate at the sequence level (Lalor et al. 2003) . In P. chrysogenum the K domain of SK serves as a PAPS-binding allosteric regulator of the S domain and has lost all APS-kinase activity (MacRae and Segel 1997; Renosto et al. 1990 ). In contrast, in A. aeolicus and R. sphaeroides the K domain of SK still functions as an APS-kinase (Hanna et al. 2002; Sun and Leyh 2006) .
Gene fusion is a relatively rare event; reciprocal fusion arrangements in different organisms are even rarer. Aside from the KS and SK fusions, we are aware of only two other examples of reciprocal fusions between enzymes sequentially acting in a pathway (Makiuchi et al. 2007; Stover et al. 2005) . Gene fusions that are found in reciprocal arrangements in a variety of organisms probably confer a particularly significant advantage to the organisms. The advantage of the SK fusions may be assistance in overcoming the energetic barrier to APS formation by enabling APS to be directly transferred from one active site to the next without entering into solution, where it would surely suffer the thermodynamically more probable fate of being converted back into ATP and sulfate (Sun and Leyh 2006) . However, the apparent lack of the same channeling property by KS may indicate that a fusion of K and S alone cannot overcome the thermodynamic barrier and suggests that an additional energetic participant may be involved.
Here we report the discovery of a novel triple fusion gene of K, S, and P (KSP), where P is the pyrophosphatase enzyme that hydrolyzes pyrophosphate into two orthophosphates in an energetically favorable reaction. This fusion implicates P as a putative exergonic partner responsible for overcoming the thermodynamic barrier in the synthesis of APS. We support this hypothesis with direct biochemical evidence. We also show that, despite the advantages of fusion proteins, each fusion occurred only once in the evolution of the sulfate evolution pathway, while additional innovations to the pathway occurred through fission, loss, and horizontal transfer.
Materials and Methods

Phylogenetics and Edge Support
All published and full-length K, S, P, T, and R protein sequences were collected from precomputed families in PFAM (Sonnhammer et al. 1998) , iProClass (Wu et al. 2001) , and MAGNUM (Bradley and Benner 2006 (Edgar 2004) .
We reconstructed S domain phylogenies and calculated support values using maximum likelihood (ML), Bayesian inference, and maximum parsimony. ML estimation was performed in Treefinder (Jobb et al. 2004 ) with the WAG transition matrix (Goldman and Whelan 2000) . Approximate bootstrap support was calculated with expected likelihood weights (Strimmer and Rambaut 2002) in Treefinder. Bootstrap support based on 100 replicates was calculated in RaXML, with an estimated gamma distribution of rates and four rate categories.
Bayesian inference phylogenies were estimated with posterior probabilities under a mixed substitution model for amino acid sequence evolution as implemented in MrBayes 3.12 (Huelsenbeck and Ronquist 2001). The search was run twice, starting from random trees, for 1 million generations, each with four simultaneous Markov chains. A gamma distribution of rates with four rate categories was estimated. Generations sampled before the chain reached stationarity (''burn-in'') were discarded. The proportion of searches in which any given node (set of relationships) is found during the chain estimates the Bayesian posterior probability for that node.
We also searched for the phylogeny with the shortest length according to maximum parsimony using the 100 iterations of the parsimony ratchet (Nixon 1999) in PAUP* (Swofford 2002) . We conducted 1000 bootstrap estimates for nodal support with the Protpars package of PHYLIP (Felsenstein 1993) .
Alternative Topology Testing
We tested our optimal topology for the S domain against three alternative topologies. The three topologies were generated by enforcing backbone constraints and allowing all other relationships to resolve freely in Treefinder. In our optimal topology, diatoms and cyanobacteria with only an S domain are monophyletic with lineages that have the S domain before the K domain (Group SK). The backbone constraints we compared to this optimal topology are (1) diatoms and cyanobacteria with S-only monophyletic with all other S-only lineages; (2) bacterial proteins with the SK order monophyletic with the S-only group; and (3) diatom, cyanobacteria, and plant S-only lineages monophyletic with the S-only group.
To assess the probability of rejecting competing hypotheses of each optimal topology under the backbone constraints imposed above, we employed the KishinoHasegawa (KH) (1989), the Shimodaira-Hasegawa (SH; Shimodaira and Hasegawa 1999) , and the weighted SH, weighted KH, and approximately unbiased (AU; Shimodaira 2002) tests. For each test, we re-estimated the branch lengths and determined log-likelihood values for sites in PAML 4 (Yang 1997) and calculated the test statistics in CONSEL (Shimodaira and Hasegawa 2001) .
DNA and Protein Manipulation
The KSP gene and its derivatives were amplified by PCR from Phytophthora infestans strain T30-4 genomic DNA (a kind gift from L. Cano, Department of Plant Pathology, Ohio State University). PCR amplicons of the KSP gene and its derivatives were ligated into pET-15b, pGEX-2, pMAL-c2, and pMAL-p2 bacterial expression plasmids which were transformed into DH5-a bacterial cells (Invitrogen). Positive clones were identified by restriction site mapping and DNA sequencing the entire length of both insert strands. Protein was expressed from the insert DNA after transforming confirmed plasmids into BL21-DE3 cells (Strategene). Protein expression was typically induced with 1 mM IPTG at 25°C, although lower concentrations and temperatures were also experimented with in an attempt to prevent inclusion body formation. Protein extraction was typically performed using B-PER (Pierce), although other lysis buffers were also experimented with in an attempt to prevent inclusion body formation. Our plasmids bearing the KSP gene as well as the separate KS and P gene fragments are available upon request.
Mouse KS and P genes were PCR-amplified from firststrand cDNA templates isolated from C57B livers. PCR amplicons were ligated into a gateway vector (Invitrogen) and verified by sequencing the length of the insert on both strands. Gateway vectors were then used to subclone the mouse genes into the pcDNA3.1 vector as a fusion to either the first (b1) or the second (b2) half of the split b-lactamase reporter gene (Galarneau et al. 2002) . Gateway vectors also served as inverse PCR templates to introduce silent PvuII sites into the mouse P genes using the following primers: P1-forward, ATCAGcTGCATGAACACCACGGTGTC; P1-reverse, TCCTTTCCCATCTGTTTTCTTAGTCAC; P2-forward, ATCAGcTGTGTAAATGTGCACATCTGCG; and P2-reverse, GGCTCCCTTGTCACACTTCTTCATAAC. Clones with the new PvuII site were used to swap the C-termini of the mouse P1 and P2 genes, and the resulting constructs were used to subclone the swapped genes into the pcDNA3.1 vector as a fusion to either the first (b1) or the second (b2) half of the split b-lactamase reporter gene. All intermediate and final constructs were sequenced for verifying the correct structure.
Enzyme Assays
Total protein extracts from COS-7 cells were assayed for KS activity using previously described protocols (Lyle et al. 1994c (Lyle et al. 1994a ).
Protein Interactions
Protein-protein interactions were measured using the blactamase protein complementation system (Galarneau et al. 2002) . COS-7 cell monolayers were trypsinized 1 h before transfection in DMEM enriched with 10% calf serum and plated in 48-well plates (Becton Dickinson, Franklin, NJ) at a concentration of 2 9 10 5 cells/ml. Cells were transiently cotransfected with a total of 0.3 lg of endotoxin-free plasmid DNA using the Mirus LT-1 transfection reagent.
Cells were washed once with PBS 24 or 48 h after transfection, then lysed by incubation in NP40-buffer (50 ll) for 10 min at room temperature. b-Lactamase enzyme activity was measured in a total volume of 120 ll containing 60 mM phosphate buffer, 30 ll of total protein lysate, and 60 lg nitrocefin (a kind gift from S. Mobashery, University of Notre Dame). Nitrocefin hydrolysis was followed by monitoring absorbance at 490 nm for 20 min using a PerkinElmer Victor3 multilabel counter. Hydrolysis rates were calculated from the plots of the linear range of increasing absorbance and data were normalized for the lysate protein concentration as determined by the BCA assay (Pierce).
Results and Discussion
A Novel Fusion Between KS and Pyrophosphatase
In all five eukaryotic genome sequences currently available from the eukaryotic stramenopile lineage, we identified a novel class of sulfate activation enzyme fusion genes containing, in amino-to-carboxyl-end order, the K and S domains followed by a third domain with high sequence identity to the pyrophosphatase family of enzymes (Baykov et al. 1999 ). These triple-fusion genes, which we named 'KSP', were from three different species of the Phytophthora genera (P. infestans, P. sojae, and P. ramorum) and two diatom species (Thalassiosira pseudonana and Phaeodactylum tricornutum).
P enzymes hydrolyze pyrophosphate (PPi), producing two molecules of ortho-phosphate (Pi). This reaction, which is moderately exergonic, often functions in an energy coupling role to provide thermodynamic pull for unfavorable biosynthetic reactions that liberate PPi through ATP hydrolysis, such as the syntheses of DNA, RNA, and carbohydrates (Kornberg 1962) . Similar to the role of GTP hydrolysis in the CysD/CysN complex, the role of pyrophosphatase in KSP complexes might be to provide thermodynamic pull for the energetically unfavorable synthesis of APS by the S domain.
Evolutionary Origins of Sulfate Activation Gene Fusions
In addition to the KSP fusions identified in the Stramenopile genomes, five novel fusion genes containing the K and S domains were identified (Fig. 2) . Four SK fusions were found in protozoans (Dictyostelium discoedium, Toxoplasma gondii, Entamoeba histolytica, and Entamoeba invadens). One KS fusion was identified in the choanoflagellate Monosigia brevicolis. We compiled all available K and S protein sequences and summarized the K, S, KS, and SK genes on a species tree containing each of the major eukaryotic and eubacterial lineages (Fig. 3) . It can be seen from the species phylogeny that the fused and the nonfused genes are distributed almost randomly, which suggests either of two general hypotheses concerning the evolutionary history of fusion between the K and the S genes.
The first hypothesis proposes that independent gene fusions between K and S have occurred in a variety of eukaryotic and eubacterial lineages. We call this the convergent fusion model because it suggests that fused genes were derived multiple times from unfused domains, and that the same fusion orders occurred independently multiple times. For example, this model predicts that the KSfusion-order protein in metazoans and choanoflagellates was formed independently of the KS-fusion-order component in the KSP of Stramenopiles. If the convergent fusion model is true, then the phylogenetic history of the sulfate activation protein domains should exactly match the history of the species.
According to the second hypothesis, many fewer gene fusions occurred between K and S. In the extreme case as few as two fusions took place: once forming KS and once forming SK. We call this the ancestral fusion model, because it suggests that the KS and SK fusions each may have occurred only once, and that the scattered distribution of S and K domains and fusions seen in modern-day organisms results from three evolutionary forces: gene fission, gene loss, and lateral gene transfer. For example, the metazoan/choanoflagellate S domain may be more closely related to the bacterial S domain, which is found in the SK domain order when fused, than to the S domain in other eukaryotes, which are in the KS domain order when fused.
To test these alternative hypotheses, we performed a phylogenetic analysis of the S domain. In the S domain phylogeny, three major monophyletic groups are apparent that all show strong support from different tree inference methods (Fig. 4) . These groupings correspond to all SK sequences plus S genes from diatoms and cyanobacteria (group SK), bacterial S genes plus Entamoeba S genes (group S), and all KS and KSP genes plus plant S genes (group KS). The observation that genes with identical domain fusion order group together indicates a common evolutionary origin for all KS genes and a separate Fig. 2 Sulfate activation fusion genes. New fusion proteins identified in this study are diagrammed with dotted, hatched, and gray boxes representing the APS-kinase (K), ATP-sulfurylase (S), and pyrophosphatase (P) domains, respectively. Vertical bars mark intron positions.
The Entamoeba gene structure represents both E. histolytica and E. invades genes. The Phytophtora structure represents P. infestans, P. sojae, and P. ramorum genes. The structure of the SK1 gene from Homo sapiens is shown for comparison J Mol Evol (2009) 68:1-13 5 common origin for all SK genes, consistent with the ancestral fusion model. Thus, the S phylogeny suggests that the K and S genes have fused only twice. Group KS and group SK are also monophyletic in a phylogeny of the K domain, supporting the same conclusion (data not shown). These clades, however, are not as strongly supported in the K domain phylogeny as in the S domain phylogeny, probably because the K domain has half as many characters as the more conserved S domain and is, thus, phylogenetically less informative. Several aspects of the S phylogeny are indicative of lateral gene transfer events. Within group S, two Entamoeba species that diverged from each other approximately 50 million years ago (MYA) are grouped with the bacterial S genes. This putative gene transfer event was previously recognized as one of 96 genes in the Entamoeba histolytica genome acquired from prokaryotes (Loftus et al. 2005) . The fact that the E. histolytica and E. invadens genomes possess the bacterial S gene indicates that the transfer event occurred before the divergence of these species approximately 50 MYA. Each Entamoeba genome also contains an SK gene in which the K domain is very well conserved but the S domain has undergone extensive divergence, probably because the bacterially acquired S genes are now providing the S function. Nested within group SK are several bacterial SK genes that appear to have been horizontally acquired from eukaryotes. Each of these bacterial SK genes shares an internal indel with each of the eukaryotic SK and S genes (see Supplemental Fig. 1, columns 230-235) . This supports the inference of at least one lateral transfer of a eukaryotic SK gene into the bacterial kingdom. In addition, alternative trees that place the bacterial SK genes within group S, as would be expected in the absence of lateral transfer, can be strongly rejected by several statistical tests, including the AU test (p = 0.005), KH test (p = 0.003), WKH test (p = 0.003), and WSH test (p = 0.006) (Supplemental Fig. 5 ). These results also indicate strong support for the ancestral fusion model.
All of the KS and KSP fusions known to date are located within group KS, in which the metazoan and choanoflagellate KS group is sister to plant S genes, and together this clade is sister to the KSP group. The placement of the plant S genes as sister to the KS fusion genes indicates that the KS gene has undergone gene fission in the plant lineage. The same conclusion can be drawn from the K phylogeny (data not shown).
Despite their wide phylogenetic distribution, our finding that the fungal, protist, and bacterial SK fusion genes are monophyletic indicates that the origin of the SK fusion event dates early in eukaryotic evolution. Since its first appearance, the SK gene has been the subject of gene loss in several different lineages and has at least once been horizontally transferred into the prokaryotic kingdom (Supplemental Fig. 6 ). Interestingly, the evolutionary history of the KS gene shares many of the same features as the SK gene. A single KS gene fusion event during early eukaryotic evolution gave rise to the metazoan KS and Stramenopile KSP genes. The KS gene has also been lost in many different lineages since it first Nitrocefin hydrolysis rates were calculated over the linear range of the reaction and normalized by total protein content appeared. These patterns surprisingly suggest that the KS and SK fusion genes were present in the same ancestral organisms during the early stages of eukaryotic evolution. It would be very interesting to determine the conditions that may have created a selective advantage for bifunctional S and K proteins during this period of eukaryotic evolution.
Fission, loss, and horizontal transfer of previously fused domains are the prevailing mode of bifunctional protein evolution. Since the phylogenetic evidence indicates that novel fusions have been exceedingly rare, we suspect that novel fusion events may cause epistatic, stochiometric, or structural problems which have a severe fitness consequence and are subject to negative selection, if they are not altogether lethal. The selective advantage of the three observed fusions must have been significant enough to overcome the potentially high collateral fitness cost of domain fusion. Therefore, we assume that, at the time of its origin, each fusion was of significant functional importance, and contains valuable information about the biochemical pathways in which they participate. While the channeling function of KS and SK fusions have been previously investigated, the functional significance of the novel KSP fusion for understanding the sulfate activation pathway has not previously been studied.
Physical Interaction Between KS and Pyrophosphatase Proteins
Upon discovering the KSP triple fusion gene, we hypothesized that pyrophosphatase (P) may be the putative exergonic partner of S, responsible for overcoming the thermodynamic barrier in the synthesis of APS. Furthermore, if the hydrolysis of pyrophosphate by pyrophosphatase is providing the energy for APS synthesis by S, then S and P must physically interact. We therefore make two biochemical predictions: S and P physically interact, and greater quantities of APS are produced by S in the presence of P than in its absence.
We tested the prediction of physical interaction using the mouse KS and P proteins and a protein-protein interaction assay known as b-lactamase protein fragment complementation (Galarneau et al. 2002) . At the N-terminus of each mouse gene we fused the first or second half of the b-lactamase gene. The separate b-lactamase protein fragments are inactive but can complement one another to produce active b-lactamase protein if the proteins to which they are fused associate. Both of the mouse KS paralogues (KS1 and KS2) and both mouse P paralogues (P1 and P2) were tested for interaction. Expression vector pairs were cotransfected at a 1:1 ratio into COS-7 cells and b-lactamase activity was measured in total cell lysates. Crossinteraction was clearly detectable between KS and P for the P1 protein, but less so for the P2 protein (Fig. 5a ). Selfinteractions between each of the homodimerizing KS and P proteins were also detectable. As a control, the unrelated leucine zipper protein, which is also a homodimer, did not interact strongly with any of the mouse KS and P proteins. These results indicate that KS interacts with P1 in mouse, as predicted by the fused protein in stramenopiles. P2 no longer interacts strongly with KS and may have functionally diverged from its paralogue.
To explore why KS interacts with P1, but not as strongly with P2, we made predictions about the interacting surfaces on the KS and P proteins using a protein-protein docking approach (Tovchigrechko and Vakser 2006) . Docking was performed with the human KS1 structure (Harjes et al. 2005 ) and a homology model of the mouse P1 structure built on a yeast P protein structure template (Heikinheimo et al. 2001 ). The four highest-scoring models from the docking results all predicted essentially the same complex between KS1 and P1 (Fig. 6 ). In this model, 41 sites from P1 have an accessible surface area that decreases by [ 5 Å 2 upon complexation. Interestingly, 31 of these sites are located within the extreme C-terminal portion of the protein, which is the region least conserved between the P1 and the P2 proteins (Supplemental Fig. 4 ). This finding suggests that the C-terminus of the P1 protein interacts with KS and that divergence in this region in P2 has disabled the interaction.
The KS/P model predicted by protein-protein docking was experimentally tested by swapping the C-termini of P1 and P2. We predicted that this swap would switch the binding affinities of P1 and P2 for KS. Silent PvuII restriction sites were introduced at identical locations in the mouse P1 and P2 genes approximately 40 amino acids from their respective C-termini (Supplemental Fig. 4 ). The swapped genes, which we refer to as P12 and P21, did indeed have opposite binding affinities for KS compared to the native proteins (Fig. 5b) . These results are consistent with the docking model of the KS/P complex, in which the C-terminus of the P1 protein interacts with KS.
The canonical active-site residues required for K, S, and P activities are conserved in each of the five KSP genes (Supplemental Figs. 1-3) , suggesting that the KSP proteins should possess all three protein functions. Interestingly, when we cloned the full-length KSP gene from P. infestans, the protein was abundantly expressed in bacteria but always formed inclusion bodies whether it was fused to a 6x Histag, a GST-tag, or a maltose binding protein, even at low temperature, after heat shock, at low protein expression levels, or with the KS and P domains split onto separate vectors. Sources for the other four KSP genes were not available, but because the proteins are highly similar, they are likely to give similar results upon heterologous expressions. While we were therefore unable to work with the KSP proteins directly, our observation of fused KS and P proteins led us to hypothesize that they may physically and functionally interact in other organisms, including human and mouse, where they are not fused.
Functional Interaction Between KS and Pyrophosphatase Proteins
The physical interaction between KS and P strengthens our hypothesis that the KS and P fusion in Phytophthora reveals a previously unrealized functional interaction between KS and P in the sulfate activation pathway of other organisms, including human and mouse. Based on what is already known about pyrophosphatase proteins, it seems likely that pyrophosphate hydrolysis may help to overcome the thermodynamic barrier to APS production by the S enzyme. If this is true, then the presence of P should dramatically increase activity of the S enzyme and result in higher levels of APS and PAPS product. To directly test this functional interaction, we assayed APS and PAPS production in COS-7 cells ectopically expressing P and KS proteins.
We found that ectopic expression of mouse P1 protein increases production levels of APS and PAPS approximately twofold (Fig. 7) . Consistent with our observation for the protein interactions, ectopic expression of the P2 protein has only a minimal effect on production levels, while expression of the P21 construct has an intermediate effect. These results support a clear functional interaction between KS and P. Given the evidence for a direct physical interaction between KS and P, the functional interaction might reflect an energetic coupling relationship. An alternative and simpler explanation for the functional interaction is that pyrophosphate would not accumulate in the presence of P enzymes, thereby releiving inhibition of S activity by pyrophoshate produced by the reaction.
Our protein-protein docking trials predict that the P domain sits in a void between the S and the K domains. As described above, the majority of the interacting surface on the P protein is contained entirely within the C-terminal region, which is also the only highly divergent region between P1 and P2 proteins. We experimentally tested the model of the KSP complex and found that the P1 and P2 proteins always show distinctly different binding patterns with the KS proteins in the b-lactamase protein complementation assay. This supports our prediction that KS interacts with P1 at the C-terminus. While we have not Fig. 6 Protein-protein docking model of the KS/P complex. A ribbon structure representation of the protein-protein docking model for human KS1 (red and gold) and mouse P1 (purple and blue). The mouse P1 C-terminal region is shown in green. Docking was performed using a KS1 homodimer (KSKS) and a P1 homodimer (PP). A The dimer-dimer complex (KSKS-PP). B The monomermonomer complex (KS-P) is rotated 180 deg relative to the arrangment in A attempted to cocrystallize the KS and P proteins, this would be an ultimate verification of the predicted KSP complex three-dimensional structure.
Further study will also be necessary to elucidate the underlying mechanism of the functional interaction between KS and P. Possible mechanisms include removal of pyrophosphate by the P enzyme, thereby making the forward sulfurylase reaction irreversible, or by kinetic coupling between P and S similar to that between GTPase and S (Leyh and Suo 1992).
Functional, Physical, and Evolutionary Relationships in the Sulfate Activation Pathway The KSP triple-fusion genes offer an intriguing clue to the various protein networks that support the sulfate activation process in different organisms. P enzymes typically function as energy couplers in ATP-dependent processes and our initial hypothesis was that the KSP protein embodied this role for the P domain in the thermodynamically unfavorable reaction of ATP and sulfate. The KSP proteins likely possess the K, S, and P enzymatic activities based on a strict conservation of the well-known active-site sequences found in each of the three domains.
The existence of KSP multidomain proteins predicts that nonfused K, S, and P proteins might physically and functionally interact in other organisms. Using the mouse KS and P genes and a cell-based protein interaction assay, we verified that the KS and P proteins interact when they are encoded by separate genes. Are these gene fusions beneficial for the organism, or are they neutral? Many organisms have only nonfused domains, apparently having lost the fused gene. Other organisms have both fused and nonfused domains. Still others have only fused domains. As discussed above, we suspect that the initial fusion events may have offered significant functional advantages. However, since the order and retention of the various fusion proteins are labile, it may be that the sulfate activation pathway is generally robust to changes in domain order or content.
Our phylogenetic analysis makes it clear that the evolutionary likelihood of a fusion or fission event among the K,S and P domains is extremely low, each occurring perhaps only a few times since the last universal common ancestor. Our analysis supports only a single fusion for KS and a single fusion for SK. Fission is similarly rare, occurring only once as a split between KS in plants. Therefore, the formula for deriving new working components, such as new fissions and fusions, is apparently a complex and/or low-efficiency event that has rarely been repeated. Rather, gene loss and lateral gene transfer of a small and anciently assembled library of potential components of SK, KS, S, K, and P genes seems to be the mode by which the system has evolved.
The KSP fusion observed in Stramenopiles therefore represents a rare, relatively recent event adding an entirely new component to this system by gene fusion. It is tempting to hypothesize ways in which this unique configuration may be adaptive for these organisms. We have experimentally shown that KS and P physically interact, and that P acts to increase the sulfate activation process, more than likely by lowering the thermodynamic barrier. When KS and P proteins were coexpressed, an enhancement of KS activity was observed in a pattern very similar to the physical interaction patterns between KS and various P protein isoforms. In a fusion protein, all three domains are guaranteed to be expressed simultaneously, resulting in optimal colocalization, processing, and stoichiometry of the interacting domains. A fusion may also allow an optimal three-dimensional positioning on a stable scaffold for efficient interaction between the domains.
There are certainly also tradeoffs to fusing domains, which may explain why the fusions are often lost and the individual genes are often maintained. Since all three domains are under the same regulatory control in a fused protein, concentrations of the individual domains cannot be independently regulated in response to changing conditions. Fusions may also inhibit the participation of individual domains in other pathways.
We used an integrated genomic, evolutionary, and experimental approach to show that pyrophosphatase is an important component in the efficient functioning of the sulfate activation pathway and characterized a novel fusion gene integrating pyrophosphatase with other enzymes of this pathway. We found that gene fusion and fission events are evolutionarily rare and that lateral transfer and gene loss have led to a diverse assemblage of sulfate activation pathway enzyme architectures. Finally, in coming to these findings, we have demonstrated how a systems approach that integrates genomics, evolutionary, and experimental components can lead to a deeper understanding of the dynamics of a fundamental biological pathway.
